The protein tracer horseradish peroxidase (HRP) has been used in an attempt to define the cell bodies of origin of "nonadrenergic" varicose axons which terminate on the walls of hypothalamic capillaries. Capillaries in this region are also known to receive direct axonal contacts from adrenergic neurons in the pontine locus ceruleus. Solutions of HRP were infused into the lateral ventricles of adult cats of either sex and permitted to circulate in the cerebrospinal fluid spaces for 10 min, 20 min, or 2 h. During these periods HRP entered the perivascular spaces around penetrating arterioles and spread into the surrounding extracellular spaces of the The possibility that capillary function in the brain is directly influenced by innervation from central neurons has attracted considerable interest in re cent years. Several investigators, using fluores cence histochemical techniques, have reported that the varicose axons arising from adrenergic neurons in the locus ceruleus and related cell groups in the brains tern form close contacts with discrete areas of the walls of intracerebral microvessels (Falck et aI., 1965; Csillik et aI., 1971; Edvinsson et aI., 1973). These and further observations based on im munohistochemical methods led to the hypothesis that the cerebral microvasculature is innervated by the central adrenergic system (Hartman and Uden friend, 1972; Hartman et aI., 1972). Electron micro scopic studies subsequently established that ter minal axons in the hypothalamus are in direct con tact with the basal laminae around capillaries 
hypothalamus. Certain neurons in the periarteriolar neu ropil were consistently labeled by the tracer after all three circulation periods. These cells, including all of their pro cesses, could be visualized in detail. Most neurons, by contrast, did not accumulate HRP. The axons of some tracer-filled neurons terminated on the walls of capillaries in the immediate vicinity of the penetrating arteriole. The arrangement and distribution of these cells suggest that they may provide a substrate for local neural influences on the hypothalamic microcirculation. Key Words: Brain capillaries-Capillary innervation -Horseradish peroxi dase-Vascular neurons. (Rennels and Nelson, 1975; Swanson et aI., 1977; Rennels et al., 1979) . A significant number of these axons are adrenergic, as indicated by the appear ance of dense cores in intraaxonal vesicles after in traventricular administration of 5-hydroxydopa mine (5-0HDA) (Tranzer and Thoenen, 1967) . In addition, these capillaries appear to receive axonal terminals from "nonadrenergic" neurons of un known location. This is supported by the finding that some axons in contact with the same capillaries do not accumulate 5-0HDA and contain only "empty" vesicles (Swanson et aI., 1977; Rennels et aI., 1979) .
In an attempt to locate these nonadrenergic neu rons, we have utilized horseradish peroxidase (HRP), which is widely used as a tracer of neuronal connections. In the standard procedure, HRP is in jected in high concentrations into selected areas of the brain parenchyma to label afferent neuronal groups by uptake into axon terminals and retro grade transport to the cells of origin (Warr et aI., 1981) . Around the periphery of the injection site in such studies, a few neuronal somata are "diffusely filled" by the tracer, which gives Golgi-like images of these cells and all of their processes (Hedreen and McGrath, 1977; Keefer, 1978; Vanegas et aI., 1978) . We have observed that a similar diffuse filling of perivascular neurons occurs in the intact brain after infusion of low concentrations of HRP into the cerebrospinal fluid (CSF) (Gregory and Rennels, 1980) . By this route, HRP enters the perivascular spaces around penetrating arterioles and moves into the surrounding parenchyma. Certain neurons in the immediate vicinity accumulate HRP and, after histochemical processing, are dramatically labeled by the peroxidase reaction product.
In this report we describe a population of peri arteriolar neurons in the cat hypothalamus that project axons to terminate on the walls of nearby capillaries. Although the function of these labeled cells is unknown, their arrangement and distribu tion suggests that they might provide a substrate for local neuronal influences on capillaries.
MATERIALS AND METHODS
Horseradish peroxidase was administered into the lat eral cerebral ventricles of healthy adult cats (2.3-4.2 kg) anesthetized with sodium pentobarbital (30 mg/kg, i.p.). A 22-gauge needle was advanced through a burr hole into the right lateral ventricle. The opening was then sealed and the needle affixed to the skull with acrylic dental cement. A cannula was also introduced into the lumbar cistern to allow free fluid drainage and maintain atmos pheric pressure in the CSF compartments during tracer administration. For each animal, 40 mg HRP (Type II or VI; Sigma Chemical Co., St. Louis, MO, U.S.A.) dis solved in 1.0 ml of artificial CSF (Ames et aI., 1964) was infused gradually over a 10-min period (manually or with a Harvard infusion pump). The tracer solution remained in the ventricular and subarachnoid spaces for periods of 10 min (7 cats), 20 min (11 cats), or 2 h (4 cats); each group contained approximately equal numbers of males and females. The animals were then subjected to intra cardiac perfusion of 3% glutaraldehyde and 1 % parafor maldehyde in 0. 1 M phosphate buffer.
Brains were removed within 60 min of perfusion fixa tion, cut into standard segments, and placed overnight in fresh fixative solution (4°C). Sections of 100 J-l-m thickness were then cut on an Oxford Vibratome at 4°C. From each animal, serial frontal and horizontal sections of the ce rebral hemispheres and basal forebrain were prepared, as were cross sections of the brainstem. After brief storage in 0. 1 M phosphate buffer, sections were incubated for 20 min in 0.05% 3,3' -diaminobenzidine (DAB) and 0.01% hydrogen peroxide in 0.0 1 M phosphate buffer (pH 7.4) (Graham and Karnovsky, 1966) . Sections were mounted on gelatin-coated glass slides for light microscopic study. No counterstains were applied.
For the detection of possible endogenous peroxidases in brain tissues, three cats were given an intraventricular infusion by the same method of 1.0 ml of artificial CSF without HRP. After an additional 10 min, fixation and tissue processing were carried out as described above.
No extra-or intracellular reaction product resembling that observed after HRP infusion appeared in these con trol sections. 
RESULTS
After intraventricular infusion, the HRP solution rapidly drained through the medullary foramina into the subarachnoid space and circulated over the brain surface. Entering the perivascular spaces around penetrating arterioles, the tracer permeated the surrounding extracellular spaces, resulting in the appearance of prominent perivascular "cuffs" of reaction product after histochemical processing ( Figs. 1 and 2) . Certain neurons situated near these cuffs consistently accumulated the tracer and were "stained" in toto. Most periarteriolar neurons were devoid of HRP, however, and were distinguishable only as light cellular profiles against the background density of the tracer in the extracellular spaces. The microscopic appearance of the diffusely filled cells was comparable to that of neurons in Golgi prepa rations. These neurons and their cytoplasmic ex tensions thus appeared brown or black, and the neurites could be followed for relatively long dis tances within the thick Vibratome sections (Fig. 2) .
Axonal terminations on capillaries
The processes of many HRP-Iabeled periarteri olar neurons in the hypothalamus showed a definite morphological relationship to neighboring capil laries (Figs. 2, 4 , and 6). Varicose axons arising from these cells commonly sent branches to several adjacent capillary segments (Fig. 5) . Many of these axons could be distinctly observed to terminate on the walls of capillaries. These axonal terminations most often appeared as club-like or bulbous en largements and were usually flattened at the site of contact with the vascular wall (Figs. 3, 6, and 7) . As a general pattern, varicose axons either termi nated abruptly at the wall of a capillary or partly or completely encircled the vessel (Fig. 5) . Not all HRP-filled neuronal processes could be followed to a termination on a capillary. Some axons disap peared beneath the surface of the section or ended near the profile of a neuronal cell body.
Perivascular neurons and processes
Periarteriolar neurons labeled with HRP were typically of Golgi type II and were generally bipolar or multipolar in form (Fig. 2) . Their axons were unmyelinated and often highly branched, running radially outward to terminate in the perivascular re gion. These axons varied in diameter and were usu ally beaded or varicose in profile (Figs. 2, 4 , and 6). Dendrites were typically larger in diameter and smoothly contoured, although varicose dendrites were occasionally observed. Axons or dendrites containing HRP were often noted within the paren chyma, distant from the tracer accumulations around arterioles. The cell bodies giving rise to these isolated processes were not located. They were pre sumed to be perivascular in position, however, since HRP-filled neurons appeared to be limited to the vicinity of periarteriolar cuffs. Similarly, axonal and dendritic processes (with no cell body visible) were often observed to emerge from a cuff and run radially oUlward. These neurites were presumed to J Cereb Blood Flow Metabol, Vol. 3, No.4, 1983 arise from perivascular cells that were not in the plane of section.
Extending the tracer circulation period from 10 to 20 min resulted in a slight increase in both the number of visible diffusely filled perivascular neu rons and the density of their cytoplasmic reaction product. Somewhat greater numbers of neurons were filled after 2 h of HRP circulation; most peri vascular cells remained devoid of the tracer, how ever, even when inundated by HRP in the sur rounding extracellular spaces. The distribution of diffusely filled neurons was not detectably altered by varying periods of tracer circulation.
No differences in numbers or distribution of these cells were noted between sections from male and female brains.
Representative sections of the cat neuraxis were surveyed to determine whether significant regional differences occurred in the capillary terminations of axons of perivascular neurons. Such neuron-cap illary relationships were not observed in cerebral or cerebellar cortices. HRP-filled periarteriolar neu rons and their processes were occasionally noted in sections through the medulla, pons, and midbrain. This neuron-vascular relationship was most con sistent, however, in the hypothalamus (except for the most ventral hypothalamic areas, in which the tissue was diffusely darkened by tracer influx from the subarachnoid space).
DISCUSSION
These studies reveal a population of neurons around penetrating arterioles in the cat hypothal amus that is selectively filled and demarcated by HRP circulating in the CSF. The axons of many of these cells terminate on nearby capillaries, presum ably those arising from the same arteriole. The use of HRP provided significant advantages over tra ditional Golgi stains for the present investigation. In brain sections, small intraparenchymal arter ioles, capillaries, and venules are often completely encrusted by the Golgi procedures, obliterating structural details of the vascular wall and obscuring delicate perivascular nerve fibers. After HRP ad ministration into the CSF, however, penetrating ar terioles and the immediately adjacent tissues are permeated by the tracer, but neighboring capillaries and the surrounding parenchyma remain "un stained. " Tr acer uptake is limited to a relatively few perivascular neurons and their processes, which are revealed with exceptional clarity. Axonal terminals on capillaries are thus convincingly demonstrated against this lucent background, although they are often difficult to document photographically be cause of the irregular three-dimensional courses of the fibers and capillaries.
No recognizable pattern has emerged, to date, in the overall relationships between these periarteri olar neurons and capillaries. It was routinely noted, however, that a single axon from an HRP-filled neuron could either terminate directly on a capillary or, alternatively, branch to establish contacts with several adjacent capillary segments. In either case, the terminals of these axons usually appear to be flattened directly against the capillary wall. The closeness of these axocapillary contacts is often il lustrated by the appearance of a slight concavity in the axonal ending corresponding to the curvature of the vascular wall.
In spite of these numerous and convincing images it cannot be unequivocally established by light mi croscopy that true synapses or neurovascular junc tions occur between these axons and the walls of capillaries. The possibility cannot be excluded that, in some cases, these axons make synaptic contacts with dendrites or neuronal cell bodies situated near capillaries. This report must therefore be regarded as preliminary pending the completion of ultrastruc tural studies of the capillary terminations of these axons.
This investigation was based primarily on studies of the hypothalamus, as an extension of previous investigations of capillary innervation in this region by fluorescence histochemistry and electron mi croscopy (Hartman and Udenfriend, 1972; Hartman et a!., 1972; Hartman, 1973a,b; Rennels and Nelson, 1975; Swanson et aI., 1977) . Although the neuron-capillary relationship described in this re port occurs as a general phenomenon in the hypo thalamus, diffusely filled perivascular neurons are also present in lesser numbers in the brainstem.
The innervation of capillaries by the central ad renergic system has received the greatest attention to date, since methods are available for the identi fication of adrenergic neurons and axons by both light and electron microscopy. Central adrenergic innervation of capillaries has been hypothesized to subserve the regulation of capillary permeability and blood flow (for reviews and recent references, see Preskorn et a!., 1980, and Hartman et aI., 1980) . From structural and functional viewpoints, how ever, the "nonadrenergic" axons in contact with the same capillaries have remained an enigma (Swanson et a!., 1977; Rennels et aI., 1979) . The local neurons identified in the present study by dif fuse filling with HRP may be one source of these nonadrenergic terminal axons. Other sources may include acetylcholinesterase-positive axons in contact with capillaries that have been described by light microscopy (Iijima, 1977; Ta gawa et aI., 1979; Iijima and Wasano, 1980) . In addition, physiological evidence for serotonergic innervation of brain mi crovessels has been obtained (Reinhard et aI., 1979) . The finding in the present study that HRP filled neurons, located near penetrating arterioles, project axons to nearby capillaries which presum ably arise from the same arteriole may also have functional significance beyond the concept of "cap illary innervation. " Tr acer uptake by these cells and its dispersion throughout their processes thus offers evidence of a possible intraneuronal pathway for transfer of solutes from the CSF to the walls of capillaries within the adjacent neuropil.
